We report a new set oftheoretical transition probabilities in Y II, obtained using a multiconfiguration relativistic Hartree-Fock method including core polarization. The overall quality of the calculations is assessed by comparisons with new and previous lifetime measurements. In this paper, we report new measurements of five lifetimes in the 4d5p and 5s5p configurations, in the energy range of 32 048-44 569 cm −1 , obtained by the time-resolved laser-induced fluorescence method. A similar theoretical model, applied to Y III, leads to results in good agreement with new laser measurements of two 5p levels obtained in this work and with previous beam-foil results for 5d and 6s levels. An extensive set of oscillator strengths is also proposed for Y III.
I N T RO D U C T I O N
Transition probabilities in yttrium ions are needed in astrophysics for the determination of the chemical composition of the Sun and the stars. A well-established procedure to obtain these parameters consists of combining measured radiative lifetimes using laser spectroscopy with theoretical or experimental determinations of branching fractions.
In Y II, the available lifetimes are scarce. The only measurements are those of Andersen, Ramanujan & Bahr (1978) , Hannaford et al. (1982) , Gorshkov & Komarovskii (1986) and Wännström et al. (1988) . Andersen et al. (1978) measured lifetimes of excited states in Y I and Y II by the beam-foil and beam-sputtering techniques. Hannaford et al. (1982) used a time-resolved (TR) laser-induced fluorescence (LIF) technique to measure 14 lifetimes in Y II. Transition probabilities were obtained for 66 transitions and the results were applied to the determination of the chemical composition of the Sun. In the work of Gorshkov & Komarovskii (1986) , 10 levels of Y II were measured by the delayed coincidence method. Wännström et al. (1988) • 3 levels in Y + using the beam-laser technique. When comparing the different sets of results, it appears that some discrepancies are present and that the different lifetime measurements for the same level do not necessarily agree within the experimental errors.
Previous experimental determinations of transition probabilities in Y II include the shock-tube measurements by Pitts & Newsom E-mail: kblagoev@issp.bas.bg (1986) for 90 transitions and, more recently, the investigation by Reshetnikova & Skorokhod (1999) of eight lines emitted from a plasma of an erosion jet flowing out of a channel in a dielectric.
Theoretical efforts in the same ion are due to Pirronello & Strazzulla (1980) who used a scaled Thomas-Fermi method, to Migdalek & Baylis (1987) who applied a multiconfiguration DiracFock approach to investigate the spin-allowed and spin-forbidden 5s 2 1 S 0 -5s5p 3 P
• 1 , 1 P
• 1 transitions in Sr I and Y II and to Migdalek & Stanek (1993) who studied the same transitions along the strontium isoelectronic sequence.
Up to now, the measurements of radiative lifetimes in Y III are very limited, the only work being the beam-foil measurements of Maniak et al. (1994) for five levels. The experimental results were compared to theoretical data obtained using the Coulomb approximation with a Hartree-Slater core.
Theoretical transition probabilities and oscillator strengths in Y III are reported by Redfors (1991) , who applied Cowan's codes, and by Brage et al. (1998) , who adopted a multiconfiguration HartreeFock technique. More recent results in Sc III and Y III have been published by Sahoo et al. (2008) and Zhang & Zheng (2009) . Radiative data along the rubidium isoelectronic sequence are also due to Lindgård & Nielsen (1977) (Coulomb approximation), Migdalek & Baylis (1979) (relativistic Hartree-Fock method), Sen & Puri (1989) (quasi-relativistic local spin density functional) and Zilitis (2007 Zilitis ( , 2009 (Dirac-Fock method) .
In their paper aimed at the determination of elemental abundances in the χ Lupi star from Hubble Space Telescope/GHRS Echelle spectra, Brage et al. (1998) emphasized the importance of accurately including the core-valence correlation in the calculations to obtain reliable transition probabilities.
In this work, new measurements of five lifetimes in the 4d5p and 5s5p configurations of Y II, between 32 048 and 44 569 cm −1 , have been performed using the TR LIF method. New measurements of two 5p levels in Y III are also reported. The experimental lifetimes are compared to theoretical results obtained with a relativistic Hartree-Fock method including core-polarization effects (HFR + CPOL method). The observed agreement between theory and experiment gives confidence to the oscillator strengths proposed in this work for 84 transitions of Y II in the wavelength range from 2243 to 10 605 Å and for 182 transitions of Y III between 643 and 9984 Å.
ATO M I C S T RU C T U R E A N D M E A S U R E M E N T S
The ground state of Y II is 5s 2 1 S 0 , and the most extensive analysis is reported by Nilsson, Johansson & Kurucz (1991) including 235 levels. Y III belongs to the Rb I isoelectronic sequence and its lowest term is 4d 2 D. The term system is dominated by configurations with one electron outside the closed 4p 6 shell. The most detailed analysis of Y III is due to Epstein & Reader (1975) who analysed the spectrum emitted by a sliding spark.
On the experimental side, a TR LIF method was used in this work to measure the radiative lifetimes of excited Y II and Y III states. This method is able to provide radiative lifetimes of atomic and ionic states with uncertainties reaching typically a few per cent.
The experimental set-up used in this work has been previously described in details (Nilsson et al. 2010) , and so only a brief description will be presented here. Free atoms or ions are obtained by laser ablation and excited by a second laser beam. A frequency-doubled (536 nm) Nd:YAG laser beam, with a pulse repetition rate of 10 Hz, was focused on the yttrium target foil. The target was placed in a vacuum chamber and was rotated during the experiment. The residual vacuum in the chamber was 10 −5 mbar. The sputtered cloud of atoms and ions was crossed by an excitation laser beam at a distance of about 10 mm above the target surface. The excitation laser was produced by a system consisting of a dye laser, using a DCM dye, and a pump Nd:YAG laser. The second harmonic of the Nd:YAG laser was used. The laser pulses were temporally compressed by stimulated Brillouin scattering and frequency doubled or tripled by BBO and KDP crystals to obtain the required excitation wavelengths. The wavelength region was broadened using a Raman shifter in hydrogen, employing Stokes and anti-Stokes components at 4153 cm −1 . The excitation pulses had a final duration of about 1 ns. The two Nd:YAG lasers were temporally synchronized by a delay generator, which provided different time intervals between ablation and excitation pulses. The temporal shape of the excitation laser pulse was registered by a fast photodiode. The fluorescence emitted from the excited states under investigation after laser excitation was analysed by a 1/8-m grating monochromator and registered by a fast microchannel plate photomultiplier (Hamamatsu R3809U). Finally, both signals were digitized by an oscilloscope (Tektronix DPO 7254). After about 1000 laser pulses, the decay curves were averaged and transferred to a PC for treatment. The DECFIT code was used to analyse the decay curves after a deconvolution of the registered signal and of the laser pulses.
The measurements were carried out under different experimental conditions. The delay between ablation and excitation laser pulses was changed in a range extending from 1.9 to 7.5 µs for Y II and from 1.9 to 2.1 µs for Y III. The measurements were also made with different ion concentrations to verify the absence of radiation trapping. To eliminate the influence of saturation effects, we used different numbers of neutral density filters in the excitation laser beam. 
C A L C U L AT I O N S
The well-known suite of computer programs, originally written by Cowan (1981) , was adopted for the calculations in this work. In the core-polarization model considered for Y II (referred to as HFR + CPOL; see e.g. Biémont & Quinet 2003; Biémont 2005 for more details), a Kr-like ionic core surrounded by two valence electrons was adopted. The static dipole polarizability, α d = 4.59 a 3 0 , was taken from Fraga, Karwowski & Saxena (1976) . The HFR value of 1.442a 0 corresponding to the mean radius of the outermost core orbital, i.e. 4p, was used as the cut-off radius r c . In Y III, a similar core but surrounded by one outer electron was used. The same value of the static dipole polarizability was considered (4.59a 3 0 ) and the cut-off radius was calculated to be 1.453a 0 . It should be added that the value used for the dipole polarizability was not critical. Adopting e.g. a value of 4.05a 3 0 for α d , as calculated by Johnson, Kolb & Huang (1983) , would only change the lifetime values by less than 5 per cent.
To account for the valence-valence interactions in the corepolarization models, we included the following vectorial basis in Y II: 5s 2 + 5s6s + 6s 2 + 5s4d + 5s5d + 5s6d + 4d 2 + 4d6s + 4d5d + 4d6d + 5d 2 + 5d6s + 5d6d + 5p 2 + 5p4f + 5p5f + 5p6f + 6p 2 (even parity) and 6p4f + 6p5f + 6p6f + 5s5p + 5s6p + 5s4f + 5s5f + 5s6f + 4d5p + 4d6p + 5p5d + 5p6d + 6p5d + 6p6d (odd parity). In the case of Y III, the model adopted was nd (n = 4-10) + ns (n = 5-10) + ng (n = 5 − 10) (even parity) and np (n = 5 − 10) + nf (n = 4 − 10) + nh (n = 6 − 10) (odd parity).
To account for the remaining interactions with distant configurations, not considered explicitly in the vectorial basis or implicitly by the polarization model, all the radial Coulomb parameters were scaled down by 0.85 according to a well-established procedure (Cowan 1981) .
To optimize the calculation of the oscillator strengths, the HFR+CPOL method was combined with a least-squares fitting routine minimizing the discrepancies between the calculated energies and the experimental values published by Nilsson et al. (1991) for Y II and by Epstein & Reader (1975) for Y III.
R E S U LT S A N D D I S C U S S I O N
The present experimental lifetimes are compared to previous results in Table 3 for Y II and in Table 4 for Y III. Our quoted experimental values are typically the averages of 10 measurements under different experimental conditions, as discussed above. The uncertainties given include both the statistical errors in an individual analysis and the, typically somewhat larger, variation between the repeated measurements. As illustrated in Fig. 1 , our new measurements in Y II are lower than most of the previous results including those of Hannaford et al. (1982) , obtained by a similar LIF technique. This is due to the shorter excitation pulses used in this work which allow us to measure shorter lifetimes more accurately as discussed in previous work e.g. by Sikström et al. (2001) . Moreover, in this work, a deconvolution of the obtained signals and of the excitation laser pulses was used, whereas in the experiments of Hannaford et al. (1982) and Wännström et al. (1988) an exponential fit was performed.
This is probably related to the much shorter excitation laser pulses used in this paper. The difference with the values of Gorshkov & Komarovskii (1986) could result from the fact that the cascading effects in their non-selective excitation measurements have not been taken into account in an adequate way. The present theoretical HFR+CPOL results, which are shown in Column 4 of Table 3 , agree with our measurements within the experimental errors. In Y III, our two measurements agree well (see Table 4 ) with the previous measurements of Maniak et al. (1994) . This is not surprising, since the arbitrary normalized decay curve procedure was considered in their paper to accurately account for the cascade repopulation of the investigated levels. In this case, the HFR+CPOL calculations agree quite well both with the measurements of this work and with the measurements of Maniak et al. (1994) . This agreement gives considerable support to the oscillator strengths calculated in this work. The smooth behaviour of the HFR+CPOL lifetimes along the Rydberg series of Y III is illustrated in Fig. 2 .
New sets of weighted oscillator strengths (log gf ) and weighted transition probabilities (gA) are presented in Tables 5 and 6 for Y II and Y III, respectively. The results of Table 5 concern the channels depopulating the levels measured in this work and additional Table 5 . Transition probabilities for the Y II transitions depopulating the levels measured in this work and the other levels of the configurations 4d5p and 5s5p. Only transitions for which log gf > −2.0 are included in the table. It was verified that all these transitions are not affected by pronounced cancellation effects. a From Nilsson et al. (1991) . b Air wavelengths from Nilsson et al. (1991) . c From Meggers, Corliss & Scribner (1975 Table 6 . Transition probabilities in Y III. Only the transitions for which log gf > −2.0 and λ < 10 000 Å are included in the 
